Insights into mechanistic photodissociation of chloroacetone from a combination of electronic structure calculation and molecular dynamics simulation J. Chem. Phys. 135, 194305 (2011) Photodissociation of N2O: Triplet states and triplet channel J. Chem. Phys. 135, 194303 (2011) Photodissociation of methyl iodide embedded in a host-guest complex: A full dimensional (189D) quantum dynamics study of CH3I@resorc[4]arene J. Chem. Phys. 135, 184102 (2011) Ab initio quantum dynamical study of the multi-state nonadiabatic photodissociation of pyrrole J. Chem. Phys. 135, 154310 (2011) A 4D wave packet study of the CH3I photodissociation in the A-band. Comparison with femtosecond velocity map imaging experiments J. Chem. Phys. 135, 154306 (2011) Additional information on J. Chem. Phys. We present analytical expressions relating the bipolar moment β K Q (k 1 k 2 ) parameters of Dixon to the measured anisotropy parameters of different pump/probe geometry sliced ion images. In the semiclassical limit, when there is no significant coherent contribution from multiple excited states to fragment angular momentum polarization, the anisotropy of the images alone is sufficient to extract the β K Q (k 1 k 2 ) parameters with no need to reference relative image intensities. The analysis of sliced images is advantageous since the anisotropy can be directly obtained from the image at any radius without the need for 3D-deconvolution, which is not applicable for most pump/probe geometries. This method is therefore ideally suited for systems which result in a broad distribution of fragment velocities. The bipolar moment parameters are obtained for NO 2 dissociation at 355 nm using these equations, and are compared to the bipolar moment parameters obtained from a proven iterative fitting technique for crushed ion images. Additionally, the utility of these equations in extracting speed-dependent bipolar moments is demonstrated on the recently investigated NO 3 system.
I. INTRODUCTION
The stereodynamics of a unimolecular reaction can largely be described by three vectors: the spatial orientation of the parent molecule (conveniently described in optical experiments by the transition dipole moment μ), the relative recoil velocity v of the departing photofragments, and the angular momentum vector(s) j of the photoproducts. [1] [2] [3] Measurements of the asymptotic correlation between these vectors give insight into the underlying dynamics of the reaction revealing the excited state symmetry and couplings, dissociation time-scales, and details about forces and torques between the separating fragments. The anisotropy of the fragment angular momentum with respect to its velocity, the so-called v-j correlation, is present even for slow dissociation, where there is no laboratory-frame alignment of the angular momentum or velocity, as it is arises due to torques in the exit channel beyond the transition state. In addition, correlations between product velocity and angular momentum can be a necessary result of angular momentum conservation and therefore arise even in reactions described by statistical models. 4, 5 Several formalisms have been developed to describe the angular momentum polarization of photofragments. [6] [7] [8] [9] However, the bipolar moment β K Q (k 1 k 2 ) parameters of Dixon have the most straightforward physical interpretation for semi-classical dynamics of photodissociation. 10 Single photon probing of one-photon photodissociation of isotropic samples gives Doppler or ion imaging data sensitive to five loworder bipolar moments: the μ-v correlation β (42) . 11 These bipolar moments are the expansion coefficients in a bipolar harmonic expansion of the spatial probability distribution of v and j in the frame of μ, which is in turn aligned in the space-fixed frame of the photolysis polarization. 10 In the case of high j photofragments produced from photodissociation near the axial recoil limit, coherent alignment effects have been shown to vanish, 11 which is equivalent to an additional constraint relating the quartic and quadratic μ-v-j correlations to the μ-j correlation, effectively reducing the number of independent parameters to four. Conveniently, the β 2 0 (20), β 0 0 (22) , and β 2 0 (02) parameters (the μ-v, v-j, and μ-j correlation, respectively) can be interpreted semi-classically as an expectation value of the 2nd Legendre polynomial: P 2 (cos θ ) , where θ is the angle between the two relevant vectors, giving each parameter limiting values ranging from -0.5 (if the vectors are orthogonal) to 1 (if the vectors are parallel).
The basis for the experimental measurements of these vector correlations is that the parent molecule absorption efficiency varies with the projection of μ onto the electric field vector of the photolysis laser giving rise to a particular labframe v distribution, and the detection efficiency of the fragment varies with the projection of j onto the electric field vector of the probe laser. Therefore, when the photolysis and probe lasers are polarized, an anisotropic signal distribution may be measured in the lab-frame from which correlations between the vectors may be extracted. Any technique which combines probing of specific photofragment ro-vibrational states with simultaneous resolution of its velocity v is sensitive to these correlations. These techniques include Doppler spectroscopy, 3, [12] [13] [14] ion time-of-flight, 15, 16 and most recently ion imaging. 6, 7, 17 In ion imaging experiments, fragment vector correlations are determined from the angular distribution and total signal intensities of the product fragment signals using different pump/probe polarization geometries. If more than one vector correlation is present, it is necessary to employ pump or probe polarizations which are not always parallel to the imaging plane. Such polarizations result in signal distributions which do not preserve cylindrical symmetry. Since the inverse-Abel transformation of the projected 3D ion image into a (two-dimensional) 2D slice requires cylindrical symmetry, 18 the true anisotropy of the image cannot be recovered for these cases. Therefore, vector correlation measurements using traditional crushed ion imaging techniques are limited to fitting techniques using synthetic basis set images, or from taking cylindrically symmetric images using multiple probe transitions as has been demonstrated in the atomic fragment imaging by Rakitzis et al. 19, 20 Although some success has been previously obtained using basis set methods, 7, [21] [22] [23] the experiments are challenging, since care must be taken to insure that identical conditions are maintained between images obtained with different laser geometries since the relative intensities of the images are required. The analysis also requires construction of the appropriate basis sets, and a complex simultaneous fitting algorithm. More importantly, when fragments are produced with a wide range of velocities, extracting speed-dependent vector correlations is difficult. Slice imaging, 24, 25 however, provides a direct measurement of the speed-dependent signal anisotropy from a single ion image without requiring a reconstruction algorithm, regardless of the experimental geometry. 26 Slice imaging has previously been used to measure the atomic angular momentum polarization, 17, 27 but to our knowledge has not been applied to measure the angular momentum alignment of molecular fragments. The goal of the present paper is to demonstrate the utility of the slice imaging technique compared to crushed imaging for the determination of speed-dependent vector correlations of molecular fragments, and to provide the necessary formalism for quantifying the results in the familiar bipolar moment parameters of Dixon in a convenient algebraic form without the need for a sophisticated analysis program. The approach is applied to the photodissociation of NO 2 at 355 nm, a well-studied benchmark system. Additionally, the extraction of speed-dependent angular momentum polarization is demonstrated for the first time on images arising from NO 3 photolysis.
II. EXPERIMENTAL
Experiments were performed independently at both Texas A&M University (sliced imaging) and Kalamazoo College (crush imaging).
The Texas A&M 28, 29 and Kalamazoo 23 molecular beam/velocity-map ion-imaging apparatuses have been described in detail elsewhere. At A&M, NO 2 was trapped and held at ∼-60
• C in an acetone bath to generate a gas mixture of <1% NO 2 in helium, while at Kalamazoo, a 1 atm mixture of 4% NO 2 and 4% O 2 was prepared with helium in a bulb. The NO 3 precursor, N 2 O 5 , was generated by flowing ozone over the trapped NO 2 and was kept at ∼-10
• C to generate a 1% N 2 O 5 flow in helium. In all experiments, the gas mixtures were expanded through a pulsed nozzle and were collimated by a conical skimmer before entering the imaging region of the apparatuses. To generate NO 3 from the N 2 O 5 precursor, the gas was expanded first through a pyrolytic nozzle (∼700 K). State selective ionization of NO using a traditional 1 + 1 REMPI detection scheme through the A-X (0, 0) band at 224-226 nm is prone to optical saturation, washing out the j sensitivity of the detection. In our experiments, we employ a 1 + 1 REMPI scheme as demonstrated by Cline and co-workers. 30, 31 Therefore, our probing mechanism consisted of two lasers: an extremely weak resonant laser (<1 μJ/pulse) to avoid saturation of the A-X (0, 0) transition, and a stronger off resonant laser (∼0.4 mJ/pulse) to provide the second photon which ejects the electron. The off-resonant wavelength was arbitrarily chosen to be 320 nm at Texas A&M (and 308 nm at Kalamazoo) and was produced as a result of doubling the output of a Nd:YAG (532 nm) pumped dye laser. The resonant 224-226 nm photon was created from the doubled output of a second dye laser (450 nm, Coumarin dye) pumped by the third harmonic of a second Nd:YAG laser (355 nm). A fraction of the fundamental 355 nm light was diverted using a beamsplitter and was used as the photolysis beam (<0.5 mJ/pulse). At Texas A&M the polarization of the photolysis beam was controlled by a double-Fresnel rhomb combined with a Glan polarizer. The polarization and intensity of the resonant probe beam was controlled through cross-polarizing the beam through first a photoelastic modulator (PEM) and then a Glan polarizer. The non-resonant probe beam polarization was not found to affect the resulting image, but was intrinsically >90% horizontally polarized. In the Kalamazoo experiment, both probe laser polarization geometry images were simultaneously accumulated by alternating the polarization after every shot with a PEM to ensure that the relative image intensities are preserved despite shifting experimental conditions. The resonant probe beam was scanned over the Doppler profile during image acquisition. The resulting cations from the laser induced ionization were accelerated down a 50 cm time-of-flight tube by electrostatic lenses before striking a position-sensitive MCP/phosphor screen detector. The Kalamazoo crush lens array consisted of a three plate system with a MCP detector gated to detect the full NO + ion cloud. The Texas A&M slicing lens array consisted of four dc charged plates in order to temporally stretch the ion cloud along the time of flight axis, and is identical to that described in Ref. 24 . The MCP plate was gated with a high speed pulsar to detect a >40 ns slice of the total ion cloud, which was estimated to detect the center ∼10% of the total ion cloud. A gated CCD camera captured the resulting signal.
III. RESULTS AND DISCUSSION

A. Analytical expression of bipolar moments
The angular distributions of ion images are typically expressed as a linear combination of the Legendre polynomials.
When linear pump and probe light polarization is utilized (or if the sample molecule is non-chiral regardless of the laser polarizations), only even order polynomials are present, and single photon pumping and probing limits the terms to a maximum of rank four resulting in a complete expression for the angular intensity:
where F and G stand for the lab frame pump and probe polarizations, respectively, which can be polarized either along the time of flight axis Z, or along a vector X parallel to the imaging plane. The X axis defines the origin of the image angle θ . Equation (1) provides a convenient and directly measured set of β
F G k
coefficients from which all of the desired vector correlations may be expressed in a standardized form for all experimental geometries. In the high-j semi-classical limit, where the coherence effects of multiple surface interference appear primarily in the photofragment orientation (probed with circularly polarized light), the β F G k coefficients of three experimental geometries (xx, xz, and zx) alone provide sufficient information to determine the relevant vector correlations without the need to capture the absolute intensity of each image, which is an experimental challenge. The contribution of coherence effects to the angular momentum alignment (probed with linearly polarized light) of the fragments decreases with a 1/j dependence, so the high-j limit is appropriate when detecting fragments with roughly j > 10 where these effects can be maximally responsible for only a few percent of the total j polarization.
In the high-j semi-classical limit, it is assumed that β 2 0 (42) is not an independent parameter and is given instead by (42) is an independent parameter are given in Section B; however, it should be noted that when quantum coherence effects are present and Eq. (2) fails to hold, the physical interpretation and limits of the β K Q (k 1 k 2 ) parameters break down.
Rakitzis and Zare give the expression for the molecularframe photofragment detection probability (for k = 2) as follows:
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where is the angle between the probe laser polarization P and the velocity v, θ ε is the angle between the pump laser polarization E and v, and is the azimuthal angle of E and P about v. β is the spatial anisotropy resulting from the pump transition and a 2 q (p) are the second rank molecular frame alignment parameters, which are related algebraically to the β K Q (k 1 k 2 ) parameters of Dixon by Eqs. (7a)-(7e) from Rakitzis et al. 32 For sliced image laser polarization geometries, and θ ε are equal to either the image angle θ (the angle between the fragment velocity and the x axis) if the respective laser is x polarized in the imaging plane, or π/2 if the laser is z polarized perpendicular to the imaging plane. The angle will be equal to either 0 if the E and P are polarized in the same plane, or π/2 if they are orthogonal. To relate the detection probability of a specific laser geometry to the measured β F G k coefficients in Eq. (1), Eq. (3) is integrated with the corresponding Legendre polynomial:
The results of this integration for the three relevant laser polarization geometries in the high-j limit yield the following equations for the β 
where h (2) is the alignment sensitivity coefficient, which is dependent on the rotational branch of the resonant transition used to ionize the photofragment. Expressions for this coefficient are given by Greene and Zare: 33, 34 
In the high-j limit, h (2) approaches -0.5 for P and R branch transitions.
The xx image gives rise to both 2nd and 4th order terms (Eqs. (5a) and (5b)), since both lasers are polarized parallel to the imaging plane and thus the projection of the electric field 
experimental observations. In the small j correlation limit, the image anisotropy will only be dependent on the pump laser polarization (β 
Equations (7a)-(7d) are the primary results of this analysis, and provide a convenient set of algebraic expression relating the semi-classical bipolar moments in the high-j limit to the directly measured P 2 and P 4 coefficients for sliced images.
B. General expressions for systems outside the high-j limit
When probing low j fragments and the possibility of quantum coherence effects arises, β 2 0 (42) must be treated as a free parameter. In this case, the anisotropy coefficients are expressed as 
In this case, there are five unknown β K Q (k 1 k 2 ) parameters and thus this system of equations alone is not solvable. However, it is often possible to independently measure one or more of the bipolar moments. An independent measure of the spatial (β = 2β 2 0 (20)) can be obtained by using a non-optical detection technique (if one is available), such as electron impact induced ionization, or by saturating the fragment j detection sensitivity using high probe laser power. In addition, a speed-independent rotational alignment β 2 0 (02) can be measured from the signal intensity of the total (unsliced) ion cloud when the pump and probe lasers are parallel (I || ) and perpendicular (I | ) to each other:
Equations (8b)-(8d) are intended primarily to be used as a consistency check if significant quantum coherence effects are suspected. Alignment measurements are not sufficient to fully characterize these interference terms if they are desired, and the β K Q (k 1 k 2 ) parameters have no convenient physical interpretation outside the semi-classical limit. Unambiguous measurements of the interference terms can be obtained through orientation measurements using circularly polarized pump light 35 and characterized with a more suitable parameter set (such as the one recently described by Rakitzis and Alexander 8 ).
C. Vector correlation measurements of NO resulting from NO 2 photolysis at 355 nm
In order to test the analysis on a well-studied molecule, both traditional crush imaging and slice imaging experiments were performed on the NO 2 system. The photodissociation dynamics of NO 2 at 355 nm have been extensively studied and the scalar distributions, 36, 37 spatial anisotropy, [38] [39] [40] and vector correlations 16, 41 of the products have been previously reported. As a triatomic molecule, conservation of angular momentum dictates that the NO fragment must exhibit strong v ⊥ j angular momentum polarization if it arises from a low J parent NO 2 molecule, which is expected in the case of a supersonic molecular beam expansion.
Crushed ion images for NO (v = 0, J = 6.5, 18.5, and 26.5) fragments were obtained from NO 2 photolysis at 355 nm. Images corresponding to four pump/probe polarization geometries of the NO (v = 0, J = 26.5) fragments probed via the Q 11 + P 21 transition at 225.4 nm are shown in Fig. 1 . To test Eqs. (7a)-(7d) against a known procedure for extracting the bipolar moments, the two-dimensional crush images were fit using the forward convolution method developed by Nestorov et al. 22 The approach, implemented in the program FIMAGE, fits the experimental crush images with synthetic images using the semi-classical bipolar harmonic scheme developed by Dixon. 10 The synthetic images are a convolution of the bipolar harmonics expressions weighted by the bipolar moment parameters, with a displaced Gaussian speed distribution. In a fitting sequence, all four pump/probe polarization geometries are simultaneously fit by a corresponding set of synthetic images until a minimum in χ 2 is reached after which the bipolar moments are extracted. The total image intensities as well as the spatial signal distributions are used as constraints in the fitting process, and thus it is not necessary to assume the semi-classical limit in the analysis and β Table I .
When the measured images consist of a single speed component, the signal at the maximum ion cloud radius is equivalent to the angular distribution that would be obtained from sliced imaging. We therefore analyzed the crushed ion images using Eqs. (7a)-(7d) by integrating a narrow radial range (5-8 pixels) around the outer edge of each raw crushed image. The angular distributions obtained from Fig. 1 images in this manner are displayed in Fig. 2 , along with their best fit β F G j coefficients. Because these images were probed through a mixed transition (90% Q 1 and 10% P 21 ), the resulting β K Q (k 1 k 2 ) parameters found from Eqs. (7a)-(7d) assuming a pure Q branch transition must be modified to include the effect of both contributions. Equations (5a)-(5d) can be easily corrected for mixed transitions, as the contribution to the β F G j coefficients from different transition branches can be weighted and summed:
where χ T is the fractional contribution of a particular transition. Solving these equations for the β K Q (k 1 k 2 ) moments however is not trivial, and so the uncorrected β The resulting bipolar moments obtained from both analysis methods are shown in Table I . The values of the NO state selected bipolar moments given in Table I are consistent with the work of Baker et al. which were based on Doppler profile analysis in both a 300 K thermal sample and a 10 K molecular beam. 41 No attempt was made to correct the values to account for depolarization due to the parent velocity distribution. Given the approximate temperature of the molecular beam such corrections are <10% for even the highest detected NO rotational states. The spatial anisotropy parameters, β = 2β reported by Demyanenko et al. including the decrease in magnitude between J = 18.5 and J = 26.5 due to reorientation of the asymptotic velocity to conserve angular momentum. 40 The v-j β 0 0 (22) and μ-j β 2 0 (02) correlations are consistent with the dissociation of a triatomic molecule from an initially low rotational parent with the transition dipole in the plane and in agreement with previous measurements. The non-limiting v-j correlation is not unexpected given depolarization due to both thermal motion and initial parent rotational angular momentum which provides both out-of-plane motion (helicity) and in-plane motion which results in a deviation from the axial recoil limit.
The bipolar moments obtained from FIMAGE with a four parameter fit (with β 2 0 (42) fixed by the semi-classical approximation in Eq. (2)) give nearly identical results to the bipolar moments obtained from the full five parameter fit, which is consistent with the assumed high-j limit. The results from the FIMAGE analysis are also in good agreement with those obtained from Eqs. (7a)-(7d), with minor deviations expected since only a small fraction of the total ion signal is used for the faux-slicing method. This is a noted advantage in cases where there is significant background noise in the center of the image. For instance, the Q 22 + R 12 (6.5) image contains a massive center spot due to the rotationally cold free NO present in the molecular beam, which posed a significant challenge in the FIMAGE analysis. Despite obvious qualitative anisotropy in raw images indicating the presence of a significant v-j correlation, FIMAGE returned smaller than expected values for the β 0 0 (22) and β 2 0 (22) parameters due to this background signal. Slice imaging is naturally immune to such issues since only the high speed signal is analyzed, and thus provides more reliable vector correlations for such cases. As an additional check on the equivalence of the two analysis methods, both methods were applied to a simulated ion image and resulted in excellent agreement with the true bipolar moments.
To demonstrate the intended use of our analysis method, sliced ion images of the NO 2 system were also obtained (Fig. 3) . The bipolar moments derived from the experimental sliced images are given in Table II . Although the bipolar moments obtained from these images do not compare unfavorably to those in Table I from crushed ion images, it should be noted that they were obtained on a different experimental apparatus. Subtle differences are consistent with variations in beam conditions which result in differences in the initial 
D. Speed-dependent vector correlations
An important advantage of slice imaging is that it allows the extraction of speed-dependent bipolar moment parameters. In the photodissociation of a system with a polyatomic co-fragment, the multitude of energetic degrees of freedom present often results in a broad speed distribution corresponding to the distribution of internal states of the undetected co-fragment. For such systems, it is likely that different angular momentum polarizations result from fragments arising from unique geometries and exit channel torques. The anisotropy of any speed of an infinitely sliced image can be obtained simply by changing the radial limits of the angular integration. In reality, of course, all slicing has a finite width limited by the experimental detection gate width and the speed of the fragments. Partial slicing has the effect of overlapping the signal from different fragment velocities, averaging the true anisotropy over multiple speeds. To determine the magnitude of this effect, a set of images with a well As expected, for an unsliced image the observed speeddependent parameters diverge significantly from their true values at lower speeds as a result of increasing contributions from higher speeds to the signal at each radii. For slicing widths below ∼20% of the maximum speed, however, this divergence is relatively minor (>10%). It should be noted that the C and D cases presented here should be among the most sensitive cases to finite slicing divergence of the β 2 0 (20) parameter, since they arise from a perpendicular transition and the majority of the signal is in the center of the image for when the pump laser is vertically polarized, which are the geometries most sensitive to β The photolysis of NO 3 at 588 nm is an ideal system for the demonstration of the application of the speed-dependent vector correlation extraction. Photolysis of NO 3 at 588 nm to form NO + O 2 has recently been shown to proceed via two pathways: one producing rotationally cold NO in coincidence with vibrationally excited O 2 (v = 5-10), and the second producing rotationally excited NO and vibrationally cold (but rotationally excited) O 2 (v = 0-4). 44, 45 The speed distribution resulting from probing intermediate rotational states such as NO (J = 26.5) therefore represents a mixture of the two pathways, and is a structureless continuum due to the broad rotational distribution of the O 2 co-fragment. Sliced ion images of NO (J = 26.5) resulting from NO 3 dissociation at 588 nm are shown in Fig. 5 . NO 3 has a long dissociation lifetime giving rise to an isotropic spatial anisotropy and thus all μ correlation parameters are zero. This is evident by experimental images, whose angular distributions only appear to be dependent on the probe laser polarization. In this case, as discussed previously, the observed anisotropy of the xx and zx images reduces to simply twice the v-j parameter: β (22) . Based on the MCP gate width compared to the temporal width of the ion packet, we estimate that the images represent a 10% slice of the maximum speed, which implies minor anisotropy blurring from finite slicing effects. The results show a clear decrease in β 2 0 (22) with fragment speed (or conversely increasing internal energy in the O 2 co-fragment). Further measurements and discussion concerning the dynamical origins of these observables will be discussed in a forthcoming paper.
IV. CONCLUSIONS
Slice imaging provides a direct measurement of the fragment anisotropy parameters, regardless of the range of fragment velocities. In the semi-classical high-j limit, these anisotropies provide enough information to extract the physically interpretable bipolar moment parameters: the μ-v correlation β (22) . The equations provided in this paper allow an analytic determination of these parameters from measured angular distributions, avoiding the experimental challenges of maintaining proper intensity normalization of each image and the use of sophisticated basis set fitting software. Analysis in this manner allows for the extraction of speed-dependent bipolar moment parameters, which can provide invaluable insight into the dynamics of molecular fragmentation.
